Abstract: In this study, we aimed to retrospectively evaluate the complications of ankle fusion for treating late sequelae of ankle injuries (LS-AI). We retrospectively analyzed patients with LS-AI who were treated with ankle fusion in our hospital between January 1997 and June 2012; we summarized the surgical methods, internal fixation selection, follow-up time, preoperative and follow-up-end American Orthopaedic Foot & Ankle Society (AOFAS) score, and complications. A total of 48 patients were analyzed, including 14 patients with open tibial and fibular fracture-induced lower limb compartment syndrome sequelae, 33 patients with ankle and Pilon fracture-caused traumatic ankle arthritis, and 1 patient with ankle amputation injury. The average follow-up time was 49.1 months. The incidence rate of complications was 29.17 %, including 4 cases of wound infection, 3 cases of delayed union, 1 case of nonunion, 2 cases of malunion, 2 cases of nerve injury, and 2 cases of internal fixation fracture. The average preoperative AOFAS score was 44.3 points, and the average postoperative score was 81.2 points (P<0.05). Ankle fusion is still the most effective method for treating late complications of ankle injuries.
Introduction
In 1878, Eduard Albert first applied ankle fusion to treat a 14-year-old boy with low extremity paralysis. He obtained good results. With continuous improvements of internal fixation instruments and external fixation technologies as well as incision improvement and wide clinical use of arthroscopic ankle fusion, ankle fusion gradually developed into a mainstream method for treating advanced ankle arthritis, and a large number of clinical follow-up studies have reported its good surgical results 1, 2) .
Currently, ankle fusion is still the most commonly used clinical procedure, but its main indications have been expanded to include rheumatoid arthritis, septic arthritis, talar necrosis, total ankle replacement failure, and neuromuscular disease-caused severe ankle deformities. Ankle fusion includes various surgical methods, but the ultimate purpose is to fuse the ankle into the functional position; successful ankle fusion can effectively relieve pain, correct deformities, and recover limb functions 3) .
However, a large number of clinical follow-up studies reported ankle fusion-related complications, including wound infection, osteomyelitis, nerve damage, delayed union or nonunion, malunioncaused abnormal hindfoot power cord, internal fixation failure, and adjacent joint degeneration. However, the preoperative diagnosis of the patients reported in previous clinical studies was varying, so the complication rates varied from 9 % to 60 % 4, 5) . For example, in 1990, Stuart and Morrey reported the application of ankle fusion in patients with diabetic neuropathy-caused ankle deformity, with a postoperative complication rate of up to 62 % 6) .
Bauer reported the applications of ankle fusion in all types of ankle joint deformities and damages, among which the non-fusion rate was 15%, and the average postoperative infection rate was 16 % 7) .
No previous study has evaluated the follow-up of ankle fusion considering ankle injury-caused end-stage sequelae. The present study retrospectively summarized the results of ankle fusion in our hospital in recent years (between January 1997 and December This study was conducted in accordance with the declaration of Helsinki. This study was conducted with approval from the Ethics Committee of Fudan University. Written informed consent was obtained from all participants.
Retrograde intramedullary nails
After successful anesthetization of the patient in the supine position, the surgeon made an anterior ankle joint longitudinal incision, separated and protected the neurovessels, and thoroughly cleaned the soft tissue adhesions around the joint. The surgeon carefully separated the joint capsule, exposed the ankle joint, fully cleaned up scar tissues, removed the cartilage from the articular surface of the tibial bottom and talar fornix, and confirmed the correction of the ankle and hindfoot varus deformity using radiography. With the ankle under radiographic observation, the surgeon inserted a guide pin into the lateral foot plantar incision, fixed the ankle joint to a mild plantar position with 5° valgus and 5° external rotation, enlarged the marrow to 11.5 mm, inserted a 10-mm retrograde intramedullary nail, performed radiography to confirm the fixation and that the affected foot exhibited normal shape, and sutured the incision layer by layer until reaching the skin.
Dual-head compression screw (with autologous iliac bone grafting)
After successful anesthetization of the patient in the supine position, the surgeon performed routine disinfection and towel paving of the lower limb and ilium, performed an anterior ankle midline incision, protected the blood vessels and nerves, exposed the ankle joint, cleaned the articular cartilages, drilled, and took appropriate iliac bone for grafting. The surgeon maintained the ankle joint at the position of 5° plantar flexion, 5 ° valgus, and 5 °e xternal rotation; firmly fixed it with three screws of appropriate length; confirmed good lower limb power cord and internal fixation position; and rinsed and sutured the incision.
Postoperative follow-up
All patients routinely visited the clinic of our hospital for postoperative follow-up in the 2 nd , 3 rd and 6 th month after surgery.
They underwent normal and lateral radiography of the ankle joint, performed by a single experienced foot and ankle surgeon, to assess the incision condition as well as whether such complications as non-fusion, power cord abnormality, or adjacent joint degeneration existed. All patients received AOFAS scoring during the final follow-up.
AOFAS scoring
The preoperative AOFAS scores of this study were calculated according to the AOFAS Ankle-Hindfoot Scale (Table 2) .
Statistical analysis
We used a T-test to analyze whether there was a statistically significant difference between pre-and postoperative AOFAS scores with P<0.05 considered representing a significant difference.
Results

Complication rate
The complication rate of this study was 29.17 % (14 cases), as shown in Table 3 .
Infections
There existed 4 cases of wound infection, 2 of which healed after changed dressing. Of the other 2 cases with deep infection, one had the internal fixation removed, was debrided and redressed, and achieved bony fusion; the other case received conservative treatment and antibiotics, avoided brake and weight-bearing, and healed 4 months later. There were no amputation cases.
Complications of bony fusion
In this study, 3 patients exhibited delayed union, including 1 case of talar necrosis, who had a larger defect cleaning; the talus, ankle power cord, and lower limb length were thus affected, so the patient underwent autologous iliac bone grafting and exhibited fusion 6 months later. In 1 case of delayed union, the proximal nail of the retrograde intramedullary nail was removed, and the patient healed 3 months later. The other case exhibited complete fusion 6 months after ankle fusion. The case of disunion was shown on radiography 8 months after surgery, and therefore, the patient underwent revision surgery and autologous iliac bone grafting; the patient healed 3 months after the revision surgery (Fig. 1) .
Nerve injury
There were 2 cases of nerve injury in this study, both of which were treated with a retrograde intramedullary nail for the fusion, and the patients exhibited pain and numbness in the affected limb. Electromyography (EMG) of the lower limb suggested tibial and common peroneal nerve injury, and the 2 patients were re-treated with nerve exploration and lysis. The symptoms were relieved postoperatively (Fig. 2) .
Adjacent joint degeneration
There was no adjacent joint degeneration case in this study.
Internal fixation fracture
Two cases exhibited internal fixation fracture in this study.
One case involved the use of a retrograde intramedullary nail, and the patient asked for the internal fixation to be removed 14 months after surgery. Preoperative radiography found that the main nail near the distal end of the retrograde intramedullary nail was broken, so only the distal end of the main nail was removed. The other case was of involved the use of three 7-mm dual-head compression screws; at the 4-month follow-up, 1 screw was found to be broken, while the fracture exhibited bony fusion after plaster immobilization was performed for 6 months.
AOFAS scoring
The preoperative AOFAS scores of this study ranged from 22 to 60 points, with an average of 44.3 points, and the postoperative AOFAS scores ranged from 74 to 87 points, with an average of 81.2 points (P=0.023); the postoperative AOFAS scores improved significantly.
Discussion
This study summarized the complications of ankle fusion for treating LS-AI in our hospital in recent years. The disease durations were 3-42 years with an average of 3.7 years, and the patients had a history of multiple surgeries, which led to more local incision scars, thinner skin, poor soft tissue conditions, and obvious osteoporosis. The overall complication rate was 29.1 %, among which 12.4 % were early complications (occurred before the patient performed full weight-bearing walking, usually within 10-12 weeks, including infection and nerve damage), and the remaining 16.7% were late complications (occurred after the patient performed full weight-bearing walking, such as delayed union, nonunion, internal fixation fracture, and adjacent joint degeneration).
Infections mainly included superficial wound infection and deep bone infection. Among the 48 patients in this study, 2 patients had superficial infection, and 2 patients had deep infection. All of the 4 patients account for 9.52 %. Analyzing the causes of infection, it could be seen that these 2 cases of infection were caused by misdiagnosed talar fracture-caused talar necrosis and ankle osteoarthritis; the remaining 40 patients all had a history of ankle surgery around the ankle joint. . Both the cases of nerve injury involved the use of retrograde intramedullary nails (Stryker Co.) in which the distal locking screw was installed from the inside towards the outside in the coronal direction. One case was closely related with the tarsal tunnel, and EMG proved that the tibial nerve was irritated. After screw removal and endoneurolysis, the symptoms were completely remitted. Neural injury was related to the choice of the surgical approach; after being injured, the patient would often complain about unalleviated pain or numbness, which might appear in the early postoperative period, but at this time, the swelling of the limb was often more serious, so it was difficult to distinguish the specific reason. When the swelling regressed, it could be determined as nerve injury. Electromyogram could be performed for the diagnosis when necessary. An anterolateral approach could easily damage the deep peroneal nerve, and using a lateral approach, one should pay attention to place the incision between the superficial peroneal nerve and the sural nerve. In the posterior approach, one should avoid injuring the tibial nerve 8) .
Keeling and Schon 9) used cadavers to study the risks of nail positions and directions toward nerves in arthroscopic ankle fusion.
The conventional surgery was simulated from the posterolateral towards the anterolateral direction, and the nailing point was located 6 cm above the lateral ankle at the midline between the Achilles tendon and the posterior fibular edge. It could be seen that a 7.3-mm screw was 9 mm away from the sural nerve and 6.5 mm from the tibial nerve. As for retrograde intramedullary nails, the plantar nailing point was the distal side of the bifurcation point of the internal and external nerves, which was exactly located at the lateral side of the plantar nerve. If the hindfoot had no serious varus deformity, conventional anatomical landmarks and nailing point should be used, which generally would not result in nerve injuries. However, if severe varus deformity or soft tissue contracture exists and nerve traveling is changed, the conventional nailing method might irritate the nerves. In such a case, it might be proposed to perform full bone structure processes, first recovering reasonable alignment of the hindfoot before nailing the plantar side, cutting a small skin incision, and performing a fully blunt dissection from subcutaneous tissues to bones with forceps, to minimize the possibility of plantar nerve injury [10] [11] [12] . The application of a new anatomical retrograde intramedullary nail could reduce the complications of nerve damage 13) .
The internal fixation materials selected in this study involved retrograde intramedullary nails from Stryker Co. in 20 cases, retrograde intramedullary nails from Smith & Nephew Co. in 4 cases, and 7-mm dual-head compression screws from Wright Co. in 18 cases. Delayed union and nonunion occurred in a total of 4 cases, among which 2 cases involved retrograde intramedullary nails and 2 cases involved dual-head compression screws. We could not assess whether there was a significant difference between the two groups. Biomechanical data and clinical results demonstrated that retrograde intramedullary nail and 3 compression screws were th e intern al fixatio n meth od s worthy o f recommendation 14, 15) . Of course, different methods have their own characteristics and advantages. The advantages of intramedullary nails were that they were more in line with the principles of biomechanics and could minimize soft tissue injuries. However, in screw fixation, a small anterior approach could avoid excessive peeling of soft tissues, crossed screw structure could improve the sagittal stability and increase the torsional strength, and stable fixation could reduce wound healing problems. Screw fixation should not be applied for severe varus or valgus deformity.
Arthroscopic surgery had characteristics such as small wounds, fast healing, and allowing early weight bearing; therefore, it is the current trend, but it exhibits limited orthopedic capacity for severe deformities 16) . We recommend good intraoperative treatments towards the distal tibial and talar cartilages as well as subchondral bone sclerosis to ensure good contact between the distal tibia and talar cancellous bone surfaces. There was unified opinion about conventional bone grafting. Arthroscopic ankle debridement and fusion technologies in recent years demonstrate a good result, so we can believe that as long as good apposition was obtained among cancellous bone surfaces, bone grafting was not necessarily required 17) . Perlman and Thordarson 18) reported the non-fusion rate of 67 patients to be 28% (19 cases). He believed that the high-risk factors were previous open fracture, diabetes, mental illness, drug addiction, alcoholism, and smoking history. Unfortunately, we did not collect such information.
It is currently considered that the position for ankle fusion was mild plantar flexion, 5 ° valgus, and 5 ° external rotation with the center of talar rotation located on the longitudinal axis of the tibia. The plantar flexion position was generally 5 °-10 °. However, clear preoperative communication should be performed with the patient, and the appreciate angle should be selected according to the different factors including patient's living environments, working conditions, preference for high heels or flats, to prevent postoperative functional limitation 19, 20) . When infection or other causes induced delayed healing occurred and the internal fixation strength reduced during the conservative treatment, it would be prone to cause malunion-causing hindfoot power cord abnormalities. If the intraoperative determination towards the hindfoot power cord was not correct, it would also generate hindfoot varus and valgus deformity, thus causing pain or gait abnormalities. The 2 patients with poor hindfoot power cord in this study were given personalized footwear to maintain normal lives and work; they did not receive surgical treatment.
Post-ankle fusion-adjacent joint degeneration-led pain recurrence was a weakness relative to total ankle arthroplasty.
Biomechanical data suggested that, after ankle fusion and ankle joint replacement, there was no significant difference in the stance phase time, pace, step length, walking speed reduction, and pelvis and knee motion ranges after ankle fusion [21] [22] [23] . Zwipp 2) followed up 72 cases of artificial ankle fusion for an average of 4.8 years, and the fusion rate was 99 % and the tarsal joint activity degree was 24 °; new subtalar arthritis was observed in 17 % of patients, patients with original subtalar arthritis were aggravated in 30 % of patients, and new talonavicular arthritis was observed in 11 % of patients. Furthermore, 19% of patients with original talonavicular arthritis were aggravated. The AOFAS scores without adjacent joint fusion surgery ranged from 38 to 85 points. Coester et al. 24) followed up 23 cases for 22 years, and the data showed that 21 patients had subtalar arthritis, and 13 patients had talonavicular arthritis. Whether the adjacent joint degeneration was associated with competent scores had different results in different studies;
Schaap et al. 25) found that the adjacent joint degeneration was associated with postoperative functions. Morgan et al. 26) observed 101 cases, and 80 cases appeared to have adjacent joint degeneration. However, good effects were not correlated with symptoms. Therefore, whether the adjacent joint degeneration was associated with patient's competent symptoms still lacked sufficient evidence. Nevertheless, it was clear that placing the ankle fusion in the coronal neutral position with coronal plane mildly exhibiting valgus might reduce the chance of adjacent joint degeneration 27, 28) . 
